Study on Shape Memory Effect and Mechanical Properties of Ti-Ta based Alloys for Biomedical Applications by 金万军
 
学校编码：10384                           分类号      密级       








硕  士  学  位  论  文 
   
 
生物医用 Ti-Ta 基合金的形状记忆效应 
和力学性能的研究 
Study on Shape Memory Effect and Mechanical Properties 
of Ti-Ta based Alloys for Biomedical Applications  
 
金 万 军 
 
   指导教师姓名：马云庆   副教授  
专  业 名 称：材料学 
论文提交日期：2009 年 5 月 
论文答辩时间：2009 年 6 月 
学位授予日期：2009 年   月 
 
答辩委员会主席：           
评    阅    人：           
 














Study on Shape Memory Effect and 
Mechanical Properties of Ti-Ta based Alloys 
for Biomedical Applications 
 
 
A Thesis Submitted for the Degree of Master of 






Supervisors: Ma Yun-Qing 
              
 















































1. 保密（  ），在     年解密后适用本书授权。 
2. 不保密（  ） 
（请在以上相应括号内打“√”） 
作者签名：         日期：    年   月   日 














目    录 
摘   要.......................................................................................................1 
Abstract......................................................................................................2 
第一章 绪论 ..............................................................................................1 
1.1 引言..................................................................................................................1 








1.4 无镍钛基形状记忆合金的研究现状 ...........................................................10 
1.4.1 Ti-Nb 基形状记忆合金的研究现状 ....................................................10 
1.4.2 Ti-Mo 基形状记忆合金的研究现状 ...................................................12 
1.4.3 Ti-Ta 基形状记忆合金的研究现状 .....................................................14 
1.5 生物医用材料 ...............................................................................................15 
1.5.1 生物医用材料的定义及分类..............................................................15 
1.5.2 生物医用金属材料..............................................................................16 




第二章 样品制备及实验方法 ................................................................27 

















2.2 试验方法 .......................................................................................................29 
2.2.1 合金成分测定......................................................................................29 
2.2.2 金相观察..............................................................................................31 




第三章 Ti-Ta 二元合金的研究 ..............................................................34 
3.1 引言................................................................................................................34 
3.2 Ti-Ta 二元合金的组织结构及相变 ..............................................................34 
3.2.1 Ti-Ta 二元合金的显微组织结构 .........................................................34 
3.2.2 Ti-Ta 二元合金的相变温度的讨论 .....................................................36 
3.3 Ti-Ta 二元合金的形状记忆效应 ..................................................................37 
3.4 Ti-Ta 二元合金的力学性能 ..........................................................................40 
3.5 拉伸断口形貌观察 .......................................................................................43 
3.6 本章小结 .......................................................................................................44 
参考文献 ..............................................................................................................45 
第四章 Ti-55Ta-xSi 三元合金的研究 ...................................................47 
4.1 引言................................................................................................................47 
4.2 Ti-55Ta-xSi 三元合金的组织结构 ...............................................................47 
4.2.1 Ti-55Ta-xSi 三元合金的组织结构 ......................................................47 
4.2.2 Si 元素对 Ti-55Ta-xSi 三元合金的组织结构的影响 .........................52 
4.3 Ti-55Ta-xSi 三元合金的力学性能 ...............................................................52 
4.4 Ti-55Ta-xSi 三元合金的形状记忆效应 .......................................................54 
4.5 拉伸断口形貌观察 .......................................................................................56 















第五章 Ti-55Ta-xZr 三元合金的研究 ...................................................61 
5.1 引言................................................................................................................61 
5.2 Ti-55Ta-xZr 三元合金的组织结构 ..............................................................61 
5.3 Ti-55Ta-xZr 三元合金的形状记忆效应和超弹性 ......................................64 
5.3.1 Ti-55Ta-xZr 合金淬火态的形状记忆效应和超弹性..........................64 
5.3.2 拉伸循环对合金超弹性的影响..........................................................67 
5.3.3 Ti-55Ta-Zr 合金的超弹性机制的讨论 ................................................69 
5.4 Ti-55Ta-xZr 三元合金的力学性能 ..............................................................70 
5.5 时效对 Ti-55Ta-9Zr 合金性能的影响 ........................................................74 
5.5.1 时效对 Ti-55Ta-9Zr 超弹性的影响....................................................74 
5.5.2 时效对 Ti-55Ta-9Zr 力学性能的影响................................................77 
5.6 拉伸断口形貌观察 .......................................................................................78 
5.7 本章小结 .......................................................................................................80 
参考文献 ..............................................................................................................82 

































Abstract (Chinese) ....................................................................................1 
Abstract......................................................................................................2 
CHAPTEER 1 Introduction ....................................................................1 
1.1 Introduction.....................................................................................................1 
1.2 The characteristics of shape memory alloys .................................................1 
1.2.1 The development of shape memory alloys .............................................1 
1.2.2 The characteristics of shape memory alloys ...........................................2 
1.2.3 The applications of shape memory alloys...............................................6 
1.3 Ti and Ti alloys ................................................................................................7 
1.3.1 The nature of Titanium............................................................................7 
1.3.2 Classification of alloy element................................................................8 
1.3.3 Martensitic transformation and shape memory effect of Ti alloys .........9 
1.4 Development of Ni-free Ti-based shape memory alloys ............................10 
1.4.1 Development of Ti-Nb-based shape memory alloys.............................10 
1.4.2 Development of Ti-Mo-based shape memory alloys ............................12 
1.4.3 Development of Ti-Ta-based shape memory alloys..............................14 
1.5 Biomedical materials ....................................................................................15 
1.5.1 DefiNi-Tion and classification of biomedical materials .....................15 
1.5.2 Metal materials for biomedical applications .......................................16 
1.6 Significance and contents of this work........................................................19 
1.6.1 Significance .........................................................................................19 
1.6.2 Contents ..............................................................................................20 
References ............................................................................................................21 
CHAPTEER 2 Preparation of specimen and investigative methods.27 














2.1.1 Materials and quantification .................................................................27 
2.1.2 Melting and heat treatment ...................................................................27 
2.1.3 Preparation of investigative specimen ..................................................28 
2.2 The investigative methods ............................................................................29 
2.2.1 Measurement of alloying component ..................................................29 
2.2.2 Optical microstructure ........................................................................31 
2.2.3 XRD analysis ........................................................................................31 
2.2.4 Shape memory effect and mechanical properties .................................31 
2.2.5 Young’s modulus...................................................................................32 
2.2.6 Observations of the fracture surfaces....................................................33 
CHAPTEER 3 The investigation of Ti-Ta binary alloys.....................34 
3.1 Introduction...................................................................................................34 
3.2 Microstructure and martensitic transformation of Ti-Ta binary alloys ..34 
3.2.1 Microstructure of Ti-Ta binary alloys ...................................................34 
3.2.2 Discussion of martensitic transformation temperatures........................36 
3.3 Shape memory behaviors of Ti-Ta binary alloys........................................37 
3.4 Mechanical properties of Ti-Ta binary alloys.............................................40 
3.5 Fractographys of Ti-Ta alloys ......................................................................43 
3.6 Conclutions ....................................................................................................44 
References ............................................................................................................45 
CHAPTEER 4 The investigation of Ti-55Ta-xSi tenary alloys ..........47 
4.1 Introduction...................................................................................................47 
4.2 Microstructure of Ti-55Ta-xSi ternary alloys.............................................47 
4.2.1 Microstructure of Ti-55Ta-xSi ternary alloys .......................................47 
4.2.2 Effect of Si content on microsturctures of Ti-55Ta-xSi alloys..............52 
4.3 Mechanical properties of Ti-55Ta-xSi alloys ..............................................52 
4.4 Shape memory effect of Ti-55Ta-xSi alloys.................................................54 
4.5 Fractographys of Ti-55Ta-xSi alloys ...........................................................56 















CHAPTEER 5 The investigation of Ti-55Ta-xZr ternary alloys........61 
5.1 Introduction...................................................................................................61 
5.2 Microstructure of Ti-55Ta-xZr alloys .........................................................61 
5.3 Shape memory effect and superelasticity of Ti-55Ta-xZr alloys ..............64 
5.3.1 Shape memory behaviors of quenched Ti-55Ta-xZr alloys..................64 
5.3.2 Effect of cyclic tensile on the superelasticity........................................67 
5.3.3 The investigations of superelastic mechanism inTi-55Ta-Zr alloys .....69 
5.4 Mechanical properties of Ti-55Ta-xZr alloys .............................................70 
5.5 Effect of aging on properties of Ti-55Ta-9Zr alloy ....................................74 
5.5.1 Effect of aging on superelasticity of Ti-55Ta-9Zr alloy .......................74 
5.5.2 Effect of aging on mechanical properties of Ti-55Ta-9Zr alloy ...........77 
5.6 Fractographys of Ti-55Ta-xZr alloys ..........................................................78 
5.7 Conclutions ....................................................................................................80 
References ............................................................................................................82 
CHAPTEER 6 Conclutions and outlook ..............................................84 
































摘    要 
Ni-Ti 合金以其良好的形状记忆效应（SME）和超弹性（SE）等特性，广泛
应用于生物医学领域。然而，Ni-Ti 合金存在潜在的 Ni 离子毒性问题。因此，发
展新型生物医用无镍钛基记忆合金成为当前的一个研究热点。本文系统地研究了
Ti-Ta 合金的微观组织结构、相变、形状记忆效应和力学性能，以及 Si/Zr 第三组
元对 Ti-55Ta-xSi/Zr 组织和性能的影响规律。 
研究表明：Ta 含量对 Ti-(40-65)Ta (wt.%)合金的组织和形状记忆效应影响明
显。Ti-55Ta 固溶态组织为 α'' 相和很少量 的 β 相，表现 好的记忆效应。热处
理对 Ti-55Ta 的记忆效应影响明显。弯曲实验测得，Ti-55Ta 经 723K 时效 10min
后具有 大的形状回复应变 3.32%。 
微量 Si 元素的添加对 Ti-55Ta-(0-0.3)Si (wt.%)合金的相结构影响不明显。当
Si 含量达到 0.2wt.%时有(Ti, Ta)3Si 相析出。随 Si 含量的增加，Ti-55Ta-xSi 合金
的塑性下降而强度增加；杨氏模量先降低后提高；形状记忆效应先提高后降低，
当卸载应变为 3.2%时，Ti-55Ta-0.1Si 的形状回复率达到 77%，与 Ti-55Ta 的 52%
回复率相比有较大的提高。 
Zr 含量对 Ti-55Ta-xZr (wt.%)合金组织有较大的影响，马氏体相变温度随 Zr
含量增加而降低。当 Zr≤3%时，合金主要为 α'' 相，具有形状记忆效应；
Ti-55Ta-9Zr 主要为亚稳 β 相，具有良好的超弹性；Ti-55Ta-12Zr 为单一 β 相，
其 大的线性回复应变达到 1.6%。随 Zr 含量增加，Ti-55Ta-xZr 的断裂延伸率下
降；强度增加，而 Ti-55Ta-9Zr 出现反常下降到 低值 551MPa；杨氏模量先降
低后升高，其中 Ti-55Ta-9Zr 具有 低的弹性模量(28GPa)。 






















Ni-Ti alloys are widely used as biomedical materials due to their special shape 
memory effect (SME) and superelasticity (SE). However, it is necessary to develop 
Ni-free Ti-based shape memory alloys for biomedical applications to avoid the 
potential Ni-hypersensitivity in Ni-Ti alloys. In this paper, studies were carried out 
concerning the microstructures, martensitic transformation, shape memory behaviors 
and mechanical properties of Ti-Ta alloys, as well as the effects of Si/Zr content on 
the microstructures and properties of Ti-55Ta-xSi/Zr (wt.%) alloys. 
The results are as follows: Ta content affects greatly the microstructures and 
SME of Ti-(40-65) Ta (wt. %) alloys. Ti-55Ta alloys exhibits mainly  α'' and a little β 
phase, it appears the best shape memory effect and the shape memory strain varys 
obviously with the condintion of heat treatment. The maximum shape memory strain 
of 3.32% was obtained in Ti-55Ta alloy quenched at 1273 K followed by aging at 723 
K for 10 min.  
Addition of a little Si element hardly affects the structures of Ti-55Ta-(0-0.3)Si 
alloys. (Ti, Ta)3Si precipitation were found to formed when the Si content over 0.2 
wt.%. With the increase of Si, the tensile strength increases and elongation at fracture 
decreases, Young’s modulus decreases firstly and then increases. Shape memory 
recovery ratio of Ti-55Ta-xSi alloy varys with Si content, increasing firstly and then 
decreasing. When the residual strain is 3.2%, the maximum shape recovery ratio of 
77% was obtained in Ti-55Ta-0.1Si alloy, which is apparently improved as compared 
with that value of 52% in Ti-55Ta alloy. 
Microstructures of quenched Ti-55Ta-xZr alloys depend on Zr content, and their 
martensitic transformation temperatures decrease with Zr content. When Zr content is 
less than 3 wt.%, it exhibits predominantly  α'' phase, and appears shape memory 
effect. Metastable β and a little  α'' phase were present and a good superelasticity was 
found in Ti-55Ta-9Zr alloy. When the Zr content increased to 12 wt.%, single  β  















alloy. With the increase of Zr content in Ti-55Ta-xZr alloys, the elongation decrease, 
the tensile stress increases, but it decreases abnormally to the lowest value of 551 
MPa in Ti-55Ta-9Zr alloy. With the addition of Zr, Young’s modulus of Ti-55Ta-xZr 
alloys decreases firstly and then increases. The lowest value is 28 GPa in Ti-55Ta-9Zr 
alloy. 
Aging at 723 K for 10 to 30 min can improve greatly the superelasticity and 
mechanical properties of Ti-55Ta-9Zr alloy. The aged Ti-55Ta-9Zr alloy appears the 
maximal superelasticity strain of 2.24%, its Young’s modulus is less than 40 GPa, 
tensile strength reaches or over 1000 MPa, and the ratio of stress-to-modulus over 27. 
Compared with the traditional implant alloys and other new-developed high strength 
low modulus titanium alloys, the aged Ti-55Ta-9Zr alloy has a good combination of 
high strength and low modulus, as well as good superelasticity. All these results 
revealed that Ti-55Ta-9Zr is promising to be developed for biomedical applications. 
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